Introduction {#Sec1}
============

The therapeutic paradigm in myelofibrosis has evolved over the years, yet allogeneic hematopoietic cell transplantation (HCT) remains the only potentially curative treatment option. It is, however, fraught with risks of morbidities and mortality from the process of HCT itself and it remains an area of ongoing investigation how the outcomes of HCT in myelofibrosis could be further understood and improved. Various pre-HCT factors related to the patient, disease, and HCT itself have been associated with overall outcomes of HCT in myelofibrosis. Age and comorbidities at HCT have repeatedly been associated with HCT outcomes^[@CR1]--[@CR3]^. Pre-HCT dynamic international prognostic scoring system (DIPSS) and DIPSS Plus-based stratification has been shown to not only prognosticate outcomes in myelofibrosis overall, but also predict outcomes for patients undergoing HCT^[@CR4],[@CR5]^. Somatic molecular mutations have also been described to have prognostic value in patients undergoing HCT for myelofibrosis with inferior outcomes associated with *U2AF1, ASXL1*, and *IDH2* mutations^[@CR6],[@CR7]^. Similarly, donor source and intensity of conditioning regimen have been associated with outcomes in variable ways^[@CR2],[@CR8]--[@CR11]^.

Despite increased understanding of pre-HCT factors and improved outcomes from HCT overall, a considerable fraction of patients undergoing HCT for myelofibrosis either relapse and/or die of the disease. At this time, early post-HCT factors associated with a high risk of death from the disease or otherwise have not been described. Our study aimed to identify such factors at day +100 post-HCT, which are associated with long-term outcomes post-HCT. This can potentially help identify patients who may benefit from closer monitoring or an early intervention post-HCT.

Materials and methods {#Sec2}
=====================

Patient selection {#Sec3}
-----------------

Patients who underwent a first HCT for myelofibrosis at one of the three sites of Mayo Clinic in Rochester MN, Scottsdale AZ, and Jacksonville FL between January 2005 and August 2016 were included in the study. Patients who died before day +100 were excluded from the analysis. We conducted a retrospective chart review to collect baseline patient, disease and HCT related data, day +100 characteristics, as well as information on outcomes post-HCT. Day +100 variables were collected if available between day +80 and day +120; and if more than one value was available, the one closest to day +100 was used. These included molecular mutation status, bone marrow fibrosis, spleen size, donor chimerism, presence of any grade of acute graft vs. host disease (GVHD), red blood cell (RBC), as well as platelet transfusion dependence, considering the various clinical features relevant to myelofibrosis and HCT.

Definitions {#Sec4}
-----------

RBC and platelet transfusion dependence was defined as transfusion requirement of over 2 units in a 4-week period of the respective products. The grade of bone marrow fibrosis was determined using World Health Organization criteria. High-risk cytogenetics were defined as presence of complex karyotype or single or two abnormalities involving +8, −7/−7q, i(17q), −5/−5q, inv(3), or 11q23 rearrangement as also referenced in DIPSS Plus score^[@CR12]^. Since limited data was available on chimerism and driver mutation (*JAK2, CALR, or MPL*) status over the years, we used a variable called "*molecular status*" to reflect on molecular response after HCT. Molecular status was defined as "*favorable*" if either 100% donor chimerism in CD33 fraction from blood or absence of driver mutation was known. It was deemed "*unfavorable*" if donor chimerism was \<100% or driver mutation was known to be positive at day +100. Relapse was defined as hematological (recurrence of cytopenias in the absence of graft failure), cytogenetic (reappearance of cytogenetic mutations) or molecular (reappearance of driver mutations or complete loss of donor chimerism). Poor graft function was defined as persistent cytopenias in at least 2 cell lines after day +100 with absolute neutrophil count \<1500/mm^3^, platelet count \<30/μL, hemoglobin \<8.5 g/dL. Primary graft failure was defined as \<5% donor chimerism at any time after HCT, or infusion of donor lymphocyte infusion due to permanent loss of neutrophils or platelets, or \<50% donor chimerism despite treatment with donor lymphocyte infusion.

Statistics {#Sec5}
----------

Descriptive statistics were estimated, and Chi-squared tests and analysis of variance (ANOVA) were used to examine group differences. Variables of interest included patient characteristics, disease characteristics, and treatment regimens. Univariate Cox proportional hazard models for pre-HCT and post-HCT variables of interest were used to examine differences in relapse-free survival (RFS) and overall survival (OS). Multivariate Cox proportional hazard models were estimated using statistically significant variables and variables of importance (associations with a *p*-value of \<0.1 in the univariate models) and taking into account the number of events per variable to predict RFS and OS. Additional analyses explored relationships between RBC transfusion dependence and ABO incompatibility at the time of HCT, as well as, between graft failure and poor graft function and OS using Chi-squared tests. Kaplan--Meier (K--M) curves of RBC transfusion dependence and molecular status at day +100 predicting RFS were estimated. Finally, differences in survival for the number of risk factors were examined by calculating how many risk factors (none, some combination of included factors, or all factors in the multivariate analysis) each patient had for the variables included in the multivariate analysis and a K--M curve predicting RFS was estimated.

Results {#Sec6}
=======

Baseline patient data {#Sec7}
---------------------

A total 87 patients underwent HCT for myelofibrosis during the years 2005 and 2016 at the three centers. Of these, eight died within the first 100 post-HCT and were not included in the analysis. Among the 79 patients included in the analysis, median age at the time of HCT was 58 (range, 19--73) years and 59% were men. The baseline information are tabulated in Table [1](#Tab1){ref-type="table"}. *JAK2* mutation status was available for 76 out of 79 patients, and was positive in 41 (54%) of these 76 patients. *CALR* and *MPL* mutation testing was only started in recent years since the description^[@CR13]--[@CR15]^, it was not available in many patients. Since *JAK2, CALR*, and *MPL* mutations are known to be mutually exclusive, *CALR* and *MPL* mutations testing was only explored for patients who were *JAK2* mutation negative. Of these, *CALR* mutation status was available in 21 patients and was known to be positive in 8 (38%) while *MPL* mutation was available in 31 and positive in 4 (13%) patients. Twenty-four (31%) patients were treated with *JAK* inhibitor therapy prior to HCT while 10 (13%) had undergone splenectomy prior to HCT. Additional baseline and HCT related information is tabulated in Table [1](#Tab1){ref-type="table"}. Donor source was matched related in 36 (46%) patients while matched unrelated in 34 (43%), mismatched related (at single allele) in 1 (1%), single-allele mismatched unrelated in 6 (8%) and haploidentical relative in 2 (3%). ABO compatibility between the donor and recipient was assessed using standard criteria to further elaborate on RBC transfusion dependence as explained below^[@CR16]^. Anti-thymocyte globulin (ATG) was used as a part of the GVHD prophylaxis in 42% patients and has been the treating physician's discretion at our institution.Table 1Baseline patient, disease, and transplantation characteristics.Characteristics*N*, total 79 (%)Median age at diagnosis in years (range)56 (19--73)Median age at HCT in years (range)58 (19--73)Female gender32 (41)Myelofibrosis type Primary54 (68) Post-ET/Post-PV25 (32)DIPSS category Low/intermediate-14 (5) Intermediate-271 (90) High4 (5)RBC transfusion dependence at HCT54 (68)Platelet transfusion dependence at HCT10 (13)High-risk cytogenetics at SCT (*n* = 68)16 (24)JAK2 mutation (*n* = 76) Positive41 (52) Negative35 (44) JAK inhibitor treatment prior to HCT24 (31)Conditioning regimen: Myeloablative14 (18) Reduced intensity65 (82) Anti-thymocyte globulin administered33 (42)Donor source: Matched related36 (46) Others43 (54)Graft type: Peripheral blood77 (97) Bone marrow2 (3)Graft vs. host disease prophylaxis: Calcineurin inhibitor + Methotrexate56 (71) Calcineurin inhibitor + Mycophenolate20 (25) Other3 (4)ABO incompatibility (*n* = 75): None (Compatible)43 (57) Minor19 (25) Major12 (16) Bidirectional1 (1)*DIPSS* Dynamic International Prognostic Scoring System, *ET* essential thrombocythemia, *HCT* allogeneic hematopoietic cell transplantation, *PV* polycythemia vera, *RBC* red blood cells.

Day +100 outcomes {#Sec8}
-----------------

At day +100, 27 out of 79 (34%) were RBC transfusion dependent and 21 (27%) were platelet transfusion dependent. Donor chimerism was 100% in CD3 + cells in 33 (42%), 100% in CD33 + cells in 48 (61%) patients and was not available in 23 patients. Along with information on driver mutations as available, we were able to determine molecular status on 72 patients, of which 60 (83%) were favorable and 12 (17%) were unfavorable.

Spleen size was available both at the time of HCT and at day +100 in 59 patients out of the 69 patients who did not have a prior splenectomy. Of note, two additional patients out of the 69, underwent splenectomy after HCT by day +100. Of these 59 patients, spleen size had decreased in 48 (81%), increased in one (by 1 cm) and unchanged in 10 patients (17%, of which 6 were normal size at the time of HCT). Median decrease in spleen size in the aforementioned 48 patients was 4.8 (range, 1--10.6) cm by day +100.

Bone marrow fibrosis grade at the time of HCT was grade 1 in 5 (7%), grade 2 in 16 (21%), grade 3 in 55 (72%) out of the 76 available bone marrow fibrosis information. No one had grade 0 fibrosis. However, by day +100, 9 (13%) patients had grade 0 fibrosis, 20 (28%) had grade 1 fibrosis, 22 (31%) had grade 2 fibrosis while 21 (29%) had grade 3 fibrosis. The grade of bone marrow fibrosis was available at both pre-HCT and at day +100, in 69 out of 79 patients. Of these, two (3%) had worsening fibrosis compared to pre-HCT marrow assessment---one had overt disease progression at 7 months post-HCT and died subsequently while the other is alive without disease relapse/progression at 30 months at last follow-up. Forty (58%) patients were noted to have an improvement in bone marrow fibrosis by at least one grade while it was unchanged in 27 (39%) patients.

Overall HCT outcomes {#Sec9}
--------------------

The median follow-up on the study was 31 (range, 3.1--119.2) months. Twenty-six (33%) patients died and 15 (19%) relapsed at the time of this study. Cause of death was relapse or disease progression in 8/26 (31%), GVHD in 8/26 (31%), infection in 6/26 (23%) and other transplant related causes in 4/26 (15%) patients. An additional 7 (9%) patients relapsed but were alive at the time of the last follow-up. A comparison of various patient and disease characteristics in patients who had a disease relapse vs. those who did not, is shown in Supplementary Table [1](#MOESM1){ref-type="media"}. Primary graft failure was noted in one patient while poor graft function was noted in 19 (24%) patients.

Univariate and multivariate analysis {#Sec10}
------------------------------------

The univariate Cox Proportional Hazards model was conducted to identify day +100 factors that were significantly associated with RFS and OS. Since, pre-HCT factors are also known to affect day +100, as well as overall outcomes of HCT, they were also included in these models to identify any potential confounding factors.

Univariate analyses for RFS showed that among pre-HCT factors, RBC transfusion dependence prior to HCT (hazard ratio (HR) 2.87, 95% confidence interval (CI) 1.09--7.55, *p* = 0.032) and high-risk cytogenetics (HR 2.54, 95%CI 1.10--5.87, *p* = 0.029) were statistically significantly associated. Among day +100 post-HCT factors, RBC transfusion dependence (HR 9.02, 95%CI 4.0--20.35, *p* \< 0.001), platelet transfusion dependence (HR 8.17, 95% CI 3.83--17.37, *p* \< 0.001), 100% donor chimerism in CD33 + cells (HR 0.21, 95% CI 0.07--0.62, *p* = 0.004), unfavorable molecular status (HR 4.41, 95% CI 1.87--10.39, *p* \< 0.001), normal spleen size at day +100 (HR 0.42, 95% CI 0.19--0.94, *p* = 0.035), grade ≥ 2 of bone marrow fibrosis (vs. grade ≤ 1; HR 2.7, 95% CI 1.1--6.93, *p* = 0.031) and poor graft function (HR 2.6, 95% CI 1.22--5.53, *p* = 0.013) were statistically significantly associated with RFS. The complete analysis is shown in Table [2](#Tab2){ref-type="table"}.Table 2Univariate Cox Proportional Hazards models of pre- and post-transplantation factors predicting relapse-free survival.Hazard ratio (95% CI for HR)*p*-valuePre-transplantation factors JAK2 mutation present1.02 (0.48--2.16)0.96 Age at transplant (\>55 years vs. \<55 years)1.39 (0.61--3.12)0.43 DIPSS stratification (high risk vs. intermediate-2)1.76 (0.41--7.45)0.45 JAK inhibitor therapy prior to SCT0.93 (0.41--2.11)0.86 Pre-HCT RBC transfusion dependence2.87 (1.09--7.55)**0.03** Pre-HCT platelet transfusion dependence0.65 (0.19--2.16)0.49 High risk cytogenetics2.54 (1.10--5.87)**0.03** Conditioning regimen (reduced intensity vs. myeloablative)0.74 (0.30--1.83)0.52 Graft vs. host disease prophylaxis (Calcineurin inhibitor + methotrexate vs. Calcineurin inhibitor + mycophenolate)0.98 (0.43--2.24)0.97 Donor source (matched related vs. other)0.57 (0.27--1.21)0.15 Anti-thymocyte globulin administered0.63 (0.29--1.37)0.25Post-transplantation (day +100) Factors RBC transfusion dependence9.02 (4.00--20.35)**\<0.001** Platelet transfusion dependence8.16 (3.84--17.37)**\<0.001** 100% Donor chimerism in CD3 + cells1.01 (0.37--2.79)0.98 100% Donor chimerism in CD33 + cells0.21 (0.07--0.62)**0.004** Grade ≥2 bone marrow fibrosis (vs. Grade ≤1)2.76 (1.10--6.93)**0.03** No improvement in bone marrow fibrosis1.52 (0.69--3.33)0.30 Acute graft vs. host disease (grades 2--4 vs. Grade 0--1)1.04 (0.32--3.44)0.95 Normal spleen size0.42 (0.19--0.94)**0.04** Unfavorable molecular status4.4 (4.87--10.39)**\<0.001** Poor graft function day +1002.60 (1.22--5.53)0.01*DIPSS* Dynamic International Prognostic Scoring System, *HCT* Allogeneic hematopoietic cell transplantation, *RBC* red blood cells.The statistically significant values are in bold.

For the multivariate analysis, in line with the recommended ratio of ≥5--9 events per variable, two variables were included as predictors^[@CR17]^. Owing to various missing results, donor chimerism in CD33 + cells at day +100 could not be included in the multivariate model. Additionally, RBC transfusion dependence at HCT was not significantly different from RBC transfusion dependence at day +100 when analyzed separately (*χ*^2^ = 0.28, *p* = 0.59). Therefore, only RBC transfusion dependence at day +100 was included in the multivariate analysis. Finally, due to a statistically significant association between RBC transfusion dependence and platelet transfusion dependence (*r* 0.77, 95% CI 0.67--0.85, *p* \< 0.001), it was deemed appropriate to only include one out of these; and hence, only RBC transfusion dependence at day +100 was added to the multivariate model as it showed a larger HR in the univariate model. After consideration of these factors and the number of events (deaths and/or relapses), RBC dependence and molecular status at day +100 were included in the multivariate analysis. Both RBC dependence (HR 11.4, 95% CI 4.28--30.51, *p* \< 0.001) and unfavorable molecular status (HR 3.18, 95% CI 1.30--7.82, *p* = 0.012) were statistically significant in this multivariate model as shown in Table [3](#Tab3){ref-type="table"}. Kaplan--Meier survival curves for these factors are shown in Fig. [1](#Fig1){ref-type="fig"}. An additional analysis examined differences in RFS for those who had none, one, or both of these risk factors and showed a significant difference in RFS among these patients (Fig. [2](#Fig2){ref-type="fig"}).Table 3Multivariate analysis for factors predicting relapse-free survival.HRCI.lower.HRCI.upper.HR*p*-valueRBC transfusion dependence day +10011.434.2830.51**\<0.001**Unfavorable molecular status day +1003.181.307.82**0.01**CI confidence interval, RBC red blood cells.The statistically significant values are in bold.Fig. 1Kaplan--Meier curves for RBC transfusion dependence and molecular status association with relapse-free survival.**a** RBC transfusion dependence, **b** Molecular status.Fig. 2Probability of relapse-free survival by presence of number of risk factors.

Similar univariate and multivariate models were conducted for OS as endpoint. Among the day +100 factors studied (Table [4](#Tab4){ref-type="table"}), RBC transfusion dependence (HR 8.1, 95% CI 3.5--18.8, *p* \< 0.001), platelet transfusion dependence (HR 7.2, 95% CI 3.3--15.9, *p* \< 0.001), donor chimerism in CD33 + cells (HR 0.3, 95% CI 0.9--0.91, *p* = 0.03), and unfavorable molecular status (HR 4.10, 95% CI 1.64--10.24, *p* = 0.003) were statistically significantly associated with OS in these patients. On multivariate analysis, RBC transfusion dependence at day +100 was significantly associated with OS (HR = 9.2, 95% CI 3.2--26.3, *p* = \<0.001) while molecular status at day +100 showed a possible association not deemed statistically significant (HR = 2.23, 95% CI 0.86--5.76, *p* = 0.099) as shown in Table [5](#Tab5){ref-type="table"}. The Kaplan--Meier curve for RBC transfusion dependence is illustrated in Supplementary Fig. [1](#MOESM1){ref-type="media"}. It is, however, important to note that the hazard ratio for RBC transfusion dependence is high and has an even wider confidence interval, which is likely a result of small sample size.Table 4Univariate Cox Proportional Hazards models of pre- and post-transplantation factors predicting overall survival.Hazard ratio\
(95% CI for HR)*p*-valuePre-transplantation factors JAK2 mutation present0.76 (0.34--1.70)0.51 Age at transplant (\>55 years vs. \<55 years)1.18 (0.51--2.72)0.69 DIPSS stratification (high risk vs. intermediate-2)2.21 (0.52--9.47)0.28 JAK inhibitor therapy prior to SCT0.93 (0.38--2.23)0.86 Pre-HCT RBC transfusion dependence4.36 (1.31--14.60)**0.02** Pre-HCT platelet transfusion dependence0.76 (0.23--2.52)0.65 High risk cytogenetics3.04 (1.26--7.34)**0.01** Conditioning regimen (reduced intensity vs. myeloablative)0.59 (0.24--1.49)0.27 Graft vs. host disease prophylaxis (Calcineurin inhibitor + methotrexate vs. Calcineurin inhibitor + mycophenolate)0.79 (0.32--2.02)0.64 Donor source (matched related vs. other)0.66 (0.30--1.45)0.30 Anti-thymocyte globulin administered0.45 (0.19--1.07)0.07Post-transplantation (day +100) factors RBC transfusion dependence8.06 (3.45--18.85)**\<0.001** Platelet transfusion dependence7.24 (3.29--15.95)**\<0.001** 100% Donor chimerism in CD3 + cells1.01 (0.33--3.08)0.99 100% Donor chimerism in CD33 + cells0.28 (0.09--0.91)**0.03** Grade ≥2 bone marrow fibrosis (vs. Grade ≤1)2.72 (1.00--7.41)**0.05** No improvement in bone marrow fibrosis1.96 (0.84--4.55)0.12 Acute GVHD (Grades 2--4 vs. Grade 0--1)0.96 (0.29--3.20)0.95 Normal spleen size0.55 (0.24--1.29)0.17 Unfavorable molecular status4.1 (1.64--10.24)**0.003** Poor graft function day +1002.06 (0.92--4.64)0.08*DIPSS* Dynamic International Prognostic Scoring System, *HCT* allogeneic hematopoietic cell transplantation, *RBC* red blood corpuscles.The statistically significant values are in bold.Table 5Multivariate analysis for factors predicting overall survival.HRCI.lower.HRCI.upper.HR*p*-valueRBC transfusion dependence day +1009.243.2426.33**\<0.001**Unfavorable molecular status day +1002.230.865.760.099*CI* confidence interval, *RB*C red blood cells.The statistically significant values are in bold.

Additional analysis {#Sec11}
-------------------

Since ABO incompatibility is known to result in RBC transfusion dependence, we further studied if the RBC transfusion dependence at day +100 was a possible result of ABO incompatibility at HCT. These results are shown in Supplementary Table [2](#MOESM1){ref-type="media"}. A chi-square test was performed to study this association and did not show a significant difference in rates of ABO types for those who did and did not experiences RBC transfusion dependence in this patient population.

Discussion {#Sec12}
==========

HCT is known to be the only potentially curative treatment for myelofibrosis but a high risk of mortality has been associated with the treatment. Our study provides a potential strategy to identify patients at high risk of a poor outcome following HCT at an early time point of day +100. This would lead the way to study if these patients would benefit from interventions such as closer monitoring of clinical status, early withdrawal of immunosuppression (when feasible) or pre-emptive therapy such as maintenance therapy or donor lymphocyte infusion. The utility of these interventions, however, remains to be studied. Transfusion dependence at day +100 appeared to be most strongly associated with inferior RFS, as well as OS as shown in both the univariate, as well as multivariate analysis in our study. This was shown to be independent of ABO incompatibility between the donor and the recipient. Owing to limited number of patients, we were not able to study the reasons for transfusion dependence in a statistical model; and was most commonly attributed to slow engraftment post-HCT.

We use a combined variable for assessment of impact of molecular status as both donor chimerism and the mutation status have been identified as indicators of measurable residual disease and since both detect persistence of recipient DNA^[@CR18]^. We found that patients with a favorable molecular status, either by full donor chimerism or by absence of driver mutation by day +100, are more likely to have better RFS. Previously clearance of *JAK2 v617F* mutation has been shown to correlate with lower risk of relapse in these patients^[@CR19]^. Similarly, MPL mutation clearance post-HCT has been associated with hematological recovery and correlate with donor chimerism^[@CR20]^. These along with our data indicate that driver mutation status by itself, or combined with chimerism status can shed important prognostic information about these patients in the early post-HCT period to allow consideration of possible interventions. Pre-emptive donor lymphocyte infusion has been explored in patients with myelofibrosis with a higher success noted in patients who were treated with molecular relapse (100%) than those with overt relapse (44%), again suggesting the importance of an early or pre-emptive intervention^[@CR21]^. These patients could be potential candidates of interest for studies using maintenance/ pre-emptive intervention following HCT in myelofibrosis.

Bone marrow fibrosis was noted to improve in around 60% patients by day +100 although the improvement in fibrosis did not seem to be correlated with RFS. A higher grade of fibrosis at day +100, however, did correlate with inferior RFS in the univariate analysis. A similar finding has been demonstrated by Kroger et al.^[@CR22]^ where bone marrow fibrosis grade 0--1 at day +100 was associated with improved survival at 5 years. More recently, therapies such as PRM-151 have shown the potential to improve bone marrow fibrosis^[@CR23]^. Tumor necrosis growth factor beta has also shown to be a major contributor to the pathogenesis of the fibrosis and therapies targeting these are being developed^[@CR24]--[@CR27]^. Whether the use of such strategies in the post-HCT period will result in improved outcomes warrants additional studies.

Our study, while studying predictive factors at day +100 for the first time in myelofibrosis, is limited by its retrospective nature and limited sample size. Owing to a smaller sample in the multivariate model, the hazard ratios showed high values and confidence intervals showed wide ranges. Also, since the first full assessment of the marrow is usually done at day +100, we could not include patients who died prior to day +100 in this analysis, which results in selection bias, eliminating patients who died early within 100 days from HCT. Given the limited scope of this study, larger or possibly registry data can be studied to further investigate these findings.

Conclusion {#Sec13}
==========

In this exploratory analysis of day +100 variables for predicting long-term outcomes in patients undergoing HCT for MF, we report a strong relationship between transfusion dependence of any etiology at day +100 and increased risk of relapse/death. These patients should, perhaps, be considered for a closer monitoring or an early intervention. Larger studies will be needed to confirm these findings before any management recommendations can be suggested.
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